INTRODUCTION
Cannabis is the most frequently used illicit substance in the United States.
1 Twenty-two million Americans reported using cannabis in the past month, with overall use doubling within the past 10 years. 2 It has been estimated that approximately 9% of people who use cannabis will become dependent upon it, with approximately 2 million Americans meeting the DSM-IV criteria for dependence on cannabis in 2012. 3, 4 Despite the critical need for treatment for these individuals, there are currently no FDA-approved medications for cannabis use disorder.
Clinical trials of cannabis dependence pharmacotherapies have yielded varied outcomes and the side effect profile of these medications continues to be studied. Dronabinol, a synthetic form of delta-9-tetrahydrocannabinol (THC), has been used to treat cannabis-dependent adults in combination with motivational enhancement and relapse prevention therapy without significant effect. 5 Although there was no significant difference between dronabinol and placebo, dronabinol was well-tolerated, led to a reduction of cannabis use over time, and improved treatment retention as well as withdrawal symptoms. Gabapentin, a gamma butyric acid analog, significantly reduced cannabis use as measured by urine toxicology and self-report while also decreasing cannabis withdrawal symptoms in adults with cannabis dependence. 6 Similarly, N-acetylcysteine, an overthe-counter antioxidant and glutamate modulator, has been studied as a potential pharmacotherapy for cannabis dependence in adolescents. N-acetylcysteine was well tolerated, and participants taking active medication were twice as likely to submit negative urine cannabinoid tests during treatment when compared with participants taking placebo, although no difference was found between N-acetylcysteine and placebo on secondary cannabis outcomes. 7 Treatment with N-acetylcysteine was not, however, more efficacious in producing abstinence from cannabis use in adults with cannabis use disorder.
Previous clinical trials of agonist treatments, such as dronabinol, for other substance use disorders have been shown to be effective by reducing withdrawal symptoms, improving treatment retention, reducing the reinforcing effects of the addictive drug, and promoting abstinence. 9, 10, 11 For example, the agonist methadone and the partial agonist buprenorphine (especially when combined with the opioid antagonist naloxone as in Suboxone TM ) have proven to be effective pharmacotherapies for opioid-dependent patients, and nicotine replacement therapy is effective as a treatment for nicotine dependence . [12] [13] [14] [15] Agonist treatment may also provide a viable approach for patients with cannabis dependence, potentially decreasing the desire to use cannabis while eliminating the anxiety, sleep difficulties, and craving associated with withdrawal from cannabis. Nabiximols, a cannabinoid agonist containing delta-9-tetrahydrocannabinol (THC) and cannabidiol, mitigated cannabis withdrawal symptoms and improved treatment retention is a double-blind, placebo-controlled inpatient clinical trial. 16 Given these trends, we sought to examine the treatment potential of nabilone, a synthetic cannabinoid that is an FDA-approved treatment of side effects caused by some cancer chemotherapies at a usual dose of 2-4 mg daily.
17 Like dronabinol, nabilone is an agonist at both CB1 and CB2 receptors. However, it has some characteristics that may make it a more effective pharmacotherapy for cannabis dependence than dronabinol: it is more bioavailable, it has a longer time to peak effect, and it is not cross-reactive in urine assays, meaning that its presence does not produce a positive for THC in standard urine drug screens. 18 In two human laboratory studies, nabilone has been shown to significantly reduce cannabis withdrawal symptoms in nontreatment seeking cannabis users. 19, 20 We conducted a small pilot trial comparing nabilone to placebo in order to test the safety and tolerability of using this agent in cannabisdependent patients.
METHODS

Study Design
In a randomized prospective pilot study aimed at testing the safety, tolerability, and promise of using nabilone (up to 2 mg/day) as pharmacotherapy to treat cannabis dependence, potential participants were recruited from the Boston area via online and newspaper advertisements, as well as wordof-mouth. Enrollment began in September 2010 and was completed in April 2013. There was a 9-month period during that time when arrangements were made for the supply of study medication once funding was secured. The study protocol included three functional magnetic resonance brain scans that required 12 h of abstinence from cannabis. All procedures were conducted in accordance with Good Clinical Practice Guidelines and the Declaration of Helsinki, approved by the McLean Hospital Institutional Review Board, and registered on ClinicalTrials.gov (identifier NCT01347762). All participants gave written, informed consent prior to study participation. As part of the aims of the grant that funded this study, participants also consented to neuroimaging and this assessment was part of their baseline and follow-up visits.
Screening Assessment
To be eligible for participation, individuals had to be between 18 and 45 years of age and meet DSM-IV criteria for current cannabis dependence. 21 Exclusion criteria included a current diagnosis of other drug or alcohol dependence (excluding caffeine and nicotine); current serious psychiatric illness or history of psychosis, schizophrenia, or bipolar I disorder; current suicidal or homicidal risk; current treatment with opioid analgesics, sedative-hypnotics, or other known central nervous system depressants; major medical illness; a history of seizures, head trauma, or other history of central nervous system injury; pregnancy, lactation, or inadequate contraception. Those agreeing to participate had a comprehensive evaluation that included medical, psychiatric, and drug use histories as well as physical, psychiatric, and laboratory examinations. All psychiatric and substance use disorder diagnoses were made using the Structured Clinical Interview for Diagnostic and Statistical Manual of Mental Disorders (DSM)-IV (SCID). All diagnostic interviews were conducted at study enrollment.
Treatment
Behavioral Intervention
Participants were seen weekly during treatment by a study physician for medical visits. In addition to dispensing study medication, the physician utilized an adaptation of Medical Management (MM), 22 a manualized treatment that was used in the NIAAA COMBINE Study. 23 MM was derived from empirically tested manualized therapies 24, 25 that were originally designed to approximate a primary care approach to the treatment of alcohol dependence. The treatment was delivered by a medical professional who monitored medication side effects, provided strategies to increase medication adherence, 26 and supported abstinence. The initial 45-min session included reviewing the cannabis dependence diagnosis and negative consequences from smoking cannabis, recommending abstinence, providing medication information, and offering strategies to enhance medication adherence. In subsequent 15-25 min visits, recent substance use, overall functioning, medication adherence, and side effects were discussed.
Medication
Participants were randomized to receive either placebo or nabilone for 10 weeks and received 7-day prescriptions in blister packs containing 1 week of medication or placebo, separated into daily doses. Nabilone was provided by Meda (now Mylan) Pharmaceuticals and the McLean Research Pharmacy prepared capsules that contained either nabilone or placebo, and riboflavin 25 mg (to confirm medication adherence). Participants were monitored in our laboratory for 3 h following the initial dose of the medication and the first dose that represented a dose increase as a safety precaution. This monitoring, coupled with the close surveillance resulting from twice-weekly visits, yielded few adverse events from treatment with nabilone or placebo. Participants in the nabilone group were initiated at a dose of 0.5 mg daily for 7 days, then increased to 1 mg daily for 7 days, then 1.5 mg daily for 7 days, then 2 mg daily for 4 weeks before tapering the medication over the final 3 weeks by reversing the titration schedule.
Biochemical Monitoring
Quantitative urine cannabinoid tests (UCTs) were obtained at screening and twice-weekly during the study. The urine samples were screened by immunoassay for the tetrahydrocannabinol (THC) metabolite 11-nor-carboxy-D 9-tetrahydrocannabinol (THC-COOH) as well as other drugs of abuse. This standard quantitative UCT did not detect the presence of nabilone. The threshold for detection of THC-COOH was 50 ng/ml. Samples positive for this metabolite underwent further analysis by gas chromatography-mass spectroscopy to obtain a quantitative THC-COOH concentration. Levels of THC-COOH were normalized to creatinine and reported as a ratio to mitigate variability in drug measurement due to urine dilution. 27 
Measures
We used the Timeline Follow Back interview (TLFB) 28 to obtain retrospective estimates of cannabis use in the week prior to study entry and weekly use of cannabis during the study. Use was recorded as days of use, use sessions per day, and inhalations per day in order to obtain a comprehensive assessment. Cannabis craving was assessed at screening and weekly using the Marijuana Craving Questionnaire (MCQ). 29 The Beck Anxiety Inventory (BAI) 30 and the Quick Inventory for Depressive Symptoms (QIDS) 31 were administered at screening and during weeks 4, 10, and 14. Three different methods were used to assess medication adherence pill counts, daily diaries, and urinary riboflavin levels. Participants received compensation of $100 for their completed diaries as well as a cash bonus of $40 for completing all four medication monitoring visits. Participants earned up to a total of $955 for their participation in the study.
Statistical Analysis
The primary hypothesis was that cannabis-dependent participants receiving nabilone would experience no difference in adverse events during study treatment versus those receiving placebo during a 10-week randomized clinical trial. A secondary preliminary hypothesis was that cannabis-dependent participants receiving nabilone would use less marijuana as measured by self-report and UCTs during study treatment versus those receiving placebo. An intent-to-treat (ITT) approach including all randomized participants was used as the primary efficacy analysis. For the ITT analysis, all available data on those lost to follow-up or missing study visits were included in the analyses of all outcome measures.
At baseline descriptive statistics were calculated for all participants and compared between treatment groups. t-tests and chi-squared tests were used to compare baseline demographic and clinical measures between treatment groups. A repeated measures linear mixed effects regression model was utilized to estimate the overall effect of nabilone (versus placebo) on changes in quantitative test results (e.g., creatinine-adjusted cannabinoid levels) during active treatment. Secondary analyses using linear mixed effects models were developed to assess craving (Marijuana Craving Questionnaire; MCQ) and anxiety (Beck Anxiety Inventory, BAI). For these calculations, three post-baseline time periods were used: weeks 1-5 of treatment, weeks 6-10 of treatment, and the 4-week follow-up period.
Data were analyzed using Stata version 13 and the SPSS statistical package (IBM, Somers, NY). Results are presented as mean changes (from baseline) with 95% confidence intervals (CI). Significance was set at a two-sided a-level of .05 and no corrections have been applied to presented p-values.
RESULTS
Participant Characteristics and Study Retention
The CONSORT diagram showing participant flow through the study is provided in Fig. 1 . A total of 32 participants (10 female, 22 male) attended an in-person screening, 18 of whom were randomized to receive either nabilone of placebo (Table 1) . Five participants were tobacco smokers, all of whom smoked five or fewer cigarettes per day. Three participants withdrew from the study due to time constraints or moving out of the area, while two participants were withdrawn by study staff due to repeated missed visits. Participants were withdrawn if they missed and medication management visit and went more than 4 days without taking the medication. One participant was removed from the study due to a positive pregnancy test at week 5; she completed all remaining study visits for monitoring purposes after the medication was stopped in week 5. A total of 12 participants (three female, nine male) were enrolled and completed the treatment phase. These 12 participants were all Caucasian and employed with a mean age of 25.1 AE 6.8 years. Aside from investigator-approved contraception, no participants were on prescribed daily medications.
Using weekly pill counts to assess medication adherence, 96.1% (1,743/1,813) of possible doses were taken by participants; 97.0% (923/952) in the group randomized to receive nabilone and 95.6% (890/931) in the placebo group. Measuring adherence using daily diaries, 95.1% (1, 
Safety and Tolerability
We assessed safety and tolerability at each study visit. A clinician evaluated patients for possible adverse events with an open-ended interview and a comprehensive review of clinical measurements. A total of eight adverse events were reported in two participants in the nabilone group and six events were reported in four participants in the placebo group during study treatment. All reported adverse events were rated mild-to-moderate. Nausea, vomiting, and sedation were the most commonly-reported adverse events; nausea was reported by one participant in both the nabilone and the placebo groups, vomiting was reported by two participants in the placebo group, and sedation was reported by one participant in both groups. No FDA-defined serious adverse events were documented during the study. No other participants in either group discontinued medication due to adverse events.
Efficacy
In the ITT analysis, treatment with nabilone had no effect on changes in cannabis use patterns over time as measured by TLFB or daily diaries (Table 2) . Study participants reported daily cannabis use frequency (sessions per day) and inhalations per day via TLFB taken at each visit (Fig. 2) . The nabilone-treated group reported an average of 2.55 AE 0.86 use sessions per day during the 10-week treatment period; the placebo group reported 3.14 AE 1.91 sessions per day. There was no significant treatment effect on changes in cannabis use sessions between the participants randomized to nabilone compared to placebo at the end of treatment (z ¼ À1.05, p ¼ 0.29) or the end of follow-up (z ¼ 0.63, p ¼ 0.53). The FIGURE 1. Consort diagram depicting the flow of participants through the recruitment process including the reasons for premature termination. A total of 131 potential subjects were screened over the phone and 32 of those subjects underwent an in-person screening visit. Eight subjects withdrew from the stufy after the screening visit due to no longer wanting to continue with the study. Table 2 , self-report from the Daily Diaries also showed no difference in inhalations or days of use between the nabilone-and placebo-treated groups. In addition, there was no significant treatment effect on changes in the urine cannabinoid levels between participants randomized to nabilone as compared to placebo at the end of treatment (z ¼ À1.39, p ¼ 0.17) or the end of follow-up (z ¼ À0.96, p ¼ 0.34).
Other Outcomes
Craving was assessed using the MCQ total score as well as the subscale scores (purposefulness, emotionality, expectancy, and compulsion). Although both the nabilone-treated and placebo-treated groups showed a reduction in MCQ total scores, there were no significant treatment group differences at either the end of treatment or the end of follow-up (z ¼ À0. 
DISCUSSION
The results from the present pilot study demonstrated that nabilone pharmacotherapy was safe and tolerable. Adverse events were rare and did not occur more commonly in participants receiving nabilone. In addition, participants adhered to the medication regimen well while in the study protocol. These findings, taken together with human laboratory studies utilizing higher doses, encourage expanding its evaluation using higher doses. 19, 20 Nabilone pharmacotherapy did not demonstrate an advantage over placebo in cannabis use outcomes. There was no significant difference in use, as measured by both self-report and UCTs, between treatment groups. These findings were similar to results demonstrated in other clinical trials for cannabis dependence, thus underscoring the need to develop an effective medication for this patient population. 32, 33, 34, 35, 36 There are several limitations to this pilot study. We randomized participants more slowly than anticipated, perhaps due the considerable number of study visits and imaging visits at baseline and follow-up that were long in duration and required 12 h of abstinence prior to the imaging visits. Several potential participants did not feel that they could be abstinent for 12 h prior to these visits and opted not to participate. In addition to a small sample size conducted at a single site, we experienced high drop-out rates similar to those described in other randomized controlled trials of medications for cannabis dependence. 36, 37 Those with cannabis dependence often do not seek treatment and when they do, they have difficulty adhering to a program. In this era of medical cannabis and legalized recreational cannabis, perception of risk has declined, making it harder for some to accept their cannabis use disorder as a significant problem requiring treatment. 5 The small sample size also resulted in relatively low statistical power in our betweengroup comparisons. Although necessary in the progression to study higher doses, the maximum dose of nabilone, 2 mg daily, in this study, decided upon during the FDA Investigational Drug application process, was modest in order to assess for the safety and tolerability of this medication in participants with cannabis dependence.
Previous studies on nabilone in cannabis users had been conducted in a human laboratory setting with continuous medical monitoring. 19, 20 Combining pharmacotherapy with an effective behavioral intervention more intensive than the medical management we utilized may result in increased reductions in cannabis use.
This pilot study demonstrates that nabilone pharmacotherapy for cannabis dependence is safe and tolerable at a maximum dose of 2 mg daily. Future studies should test higher doses of nabilone as pharmacotherapy for cannabis dependence or combine nabilone with more intensive behavioral interventions. As more states in the United States consider medical cannabis and recreational cannabis legalization, the development of medications such as nabilone for cannabis use disorders remains an urgent clinical and public health need.
